Background: Secreted by nervous system midline cells Slits regulate neurodevelopmental processes through binding to roundabout receptors (Robos). Results: Slit2 causes dispersal of oligodendrocyte precursor cells (OPCs) by inducing the association between Robo1 and Fyn. Conclusion: Robo1 interacts with Fyn to repel the migration of OPCs through RhoA activation. Significance: Learning how Slit/Robo signaling regulates OPC dispersal is crucial for understanding the distribution of OPCs during central nervous system development.
in the ventricular zones of the vertebrate CNS. Before differentiating into myelinating oligodendrocytes, OPCs proliferate, migrate, and then spread throughout the CNS (1, 2) . Subsequently, oligodendrocytes undergo morphological maturation, producing myelin components and wrapping axons (3) . In the developing mouse CNS, OPCs emerge from the ventral ventricular zone at embryonic day 12.5 (E12.5). Then OPCs generate appropriate numbers of oligodendrocytes through proliferation, spreading widely throughout the CNS around E16 (2, 4, 5) . In the rat CNS, OPCs are expressed in a restricted region of the ventricular and subventricular zones at E13. At E16, OPCs spread throughout the gray and white matter in the spinal cord (6) . However, the mechanism controlling the migration of OPCs from their site of emergence toward their final destination is poorly understood.
Slit was first identified in Drosophila as a molecule secreted by midline cells and was later shown to repel the extension of axons expressing roundabout (Robos) receptors (7) (8) (9) (10) (11) . Slits can regulate the migration of various cells such as neuronal precursors, glia, and others (12, 13) . It has been reported that Slit1-3 are expressed by the floor plate at E11-13 in the rat. Slit2 is highly expressed in the motor neuron regions (10) , which are the main original field of the first OPC group around E12.5 (4, 5) . The corresponding receptors, Robo1 and Robo2, are also expressed in the motor column at the same time (10, 14) . Slit2 remains at its highest expression level in the rat ventral spinal cord but is lower in the dorsal regions (14) when the OPCs begin to spread widely throughout the CNS at E17 (6) . Spatial and temporal evidence both hint that Slits may participate in the regulation of OPC migration.
In the present study, we tested the effect of Slit2 on the migration of cultured OPCs. OPCs were shown to express Robo receptors both in vitro and in vivo. The Boyden chamber assay and the explant migration assay further demonstrated that Slit2 could repel OPC migration. Moreover, Fyn/RhoA signaling was found to mediate the effect of Slit2 on OPC migration. This suggests a previously unknown function of Slit2 on OPC dispersal during development.
EXPERIMENTAL PROCEDURES
Animals and Reagents-All of the animals in this study were obtained from Joint Ventures Sipper BK Experimental Animal (Shanghai, China). The animal experiments were undertaken in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Second Military Medical University Committee on Animal Care. All of the inhibitors (Ly294002, PD98059, and Y-27632) were purchased from Calbiochem (Darmstadt, Germany). The antibodies against NG2, MBP, GFAP, and Tuj1 were purchased from Millipore (Billerica, MA), and anti-O4 was from Sigma. The goat antibodies against Robo1 and -2 were from R&D. The anti-Robo1 rabbit antibody used in the immunohistochemistry was from Rockland. The antibodies against p-Fyn (Y530) (BS5072) and p-Src (Y418) (BS4176), which recognize Tyr 531 and Tyr 420 of rat Fyn (NP_036887.1), respectively, were from Bioworld. The anti-Fyn antibody was from Santa Cruz Biotechnology. The rat antibody against PDGFR␣ was purchased from BD Biosciences. The antibody against RhoA was from Cell Signaling. The antibody for GAPDH was from Kangchen (Shanghai, China). The mouse monoclonal anti-BrdU antibody was from Thermo, and the Olig2 antibody was from Abcam. The TMR Red In-Situ Cell Death Detection Kit was purchased from Roche Applied Science.
Primary Cell Culture-OPCs were isolated from postnatal day 1 (P1) Sprague-Dawley rats as previously described (15, 16) . Briefly, the forebrains were removed, diced into fragments in Hanks' buffered salt solution (HBSS), and incubated at 37°C for 30 min with 0.125% trypsin. The dissociated cells were plated on poly-L-lysine (PLL)-coated tissue culture flasks and grown at 37°C for 7-10 days in DMEM with 10% fetal calf serum (Invitrogen). The OPCs were collected by shaking the flask overnight at 280 rpm at 37°C, resulting in 90% purity. The OPCs were then cultured in neurobasal medium supplemented with 2% B27 (NB ϩ B27). To induce the differentiation of precursor cells, OPCs were plated in NB ϩ B27 supplemented with conditioned medium (CDM) from B104 cells for 2-5 days and allowed to proliferate to more than 20,000 cells per cm 2 . Then the media were changed to the differentiation medium, which contained 30 nM triiodothyronine. The OPCs were allowed to differentiate for 1-5 days and were identified using O4 or MBP as markers.
Preparation of Conditioned Culture Medium and Purification of Slit2 Protein-The stable cell lines expressing Slit2-myc and RoboN were kindly provided by Professor Xiaobing Yuan and cultured as previously described (17) . The cultures were rinsed with Hanks' buffered salt solution and cultured in NB ϩ B27. Two days later, the CDM was collected and filtered with 0.22-m filters to remove cell debris. The CDM was used in a migration assay after dilution with the appropriate fresh medium at different concentrations. To purify Slit2 protein, stable HEK293 cell lines expressing Slit2-myc were cultured. The protein was purified from the conditioned medium by affinity chromatography using Sepharose conjugated with a Myc antibody (Covance). The purified protein was electrophoresed on a SDS-PAGE gel. The protein concentration was determined by the Bradford method, using BSA as the standard.
The same procedure was carried out with the conditioned medium from control HEK293 cells, whose products were used as the control.
Boyden Chamber Migration Assay-The OPC migration studies were performed using a 24-well Boyden chamber (Costar) containing polycarbonate membranes (8 m pore size), with a slight modification of a previously described protocol (18 -20) . In brief, the undersides of polyethylene terephthalate filter membranes were coated with PLL or laminin for 2 h at 37°C. Purified OPCs were seeded into the upper chamber at a density of 1 ϫ 10 4 cells in 250 l of culture medium per well. The upper chambers were inserted into the tissue culture wells, and 750 l of the medium containing the CDM or drugs was added to the lower chambers. After incubation for 16 h at 37°C, the nonmigratory cells on the upper membrane surface were removed with a cotton swab, and the cells migrating through the membrane pores and invading the underside of the membrane were fixed with 4% paraformaldehyde (PFA) and stained with Coomassie Brilliant Blue. For quantitative assessment, the number of stained, migrating cells presented in five random ϫ20 objective fields per filter were counted under a microscope. At least three independent experiments were performed.
Dissection of Explants and Coculture Experiments-Subventricular zone (SVZ) explants were isolated from postnatal day 5 to 10 (P5-P10) Sprague-Dawley rats as described previously (21) . Briefly, aggregates of cells were prepared from stable cell lines expressing Slit2. Each aggregate was placed in the center of a 35-mm dish (Costar) and incubated at 37°C for 15 min. Sagittal sections of tissue within the borders of the SVZ were dissected out to make SVZ explants of 200 -400 m with a vibratome. Four SVZ explants were isolated and trimmed into blocks of 100 -200 m. Each trimmed explant was embedded in Matrigel and placed near an aggregate. The SVZ explants and aggregates were cultured in NB ϩ B27 and allowed to migrate for 3 days. Then the explants were fixed with 4% PFA and immunostained with an anti-NG2 antibody. The cell nuclei were labeled with Hoechst 33342. The explants located 1 mm or closer to aggregates were imaged with a Nikon fluorescent microscope and analyzed using Image-Pro Plus 5.1 software (Media Cybernetic, Silver Spring, MD). The maximum migration distance from the leading OPCs to the edge of the explants was determined, as was the number of migrated cells. The proximal/distal (P/D) ratio of maximum migration distance was calculated by dividing the maximum migration distance of cells in the proximal quadrant by the maximum migration distance of the cells in the distal quadrant. The P/D ratio of migrated cells was calculated by dividing the number of migrated cells in the proximal quadrant by the number of cells in the distal quadrant, as previously described (21) .
Immunohistochemistry and Immunocytochemistry-The cultured cells were gently rinsed with PBS (10 mM sodium phosphate, pH 7.4, and 150 mM NaCl) and then fixed with 4% PFA for 20 min at room temperature. The fixed cells were incubated with primary antibodies overnight at 4°C and stained with the corresponding secondary antibodies. Immunohistochemistry was performed as described previously (22) . Briefly, the animals were anesthetized and intracardially perfused with 4% PFA in 0.1 M phosphate buffer, pH 7.2. The tissues were Robo1 Interacts with Fyn to Repel Procursor Cells via RhoA removed, post-fixed overnight in the same solution at 4°C, and then cryopreserved in 20% sucrose in 0.1 M phosphate buffer. Twenty-m thick frozen sections were cut and incubated in blocking buffer containing 5% BSA and 0.4% Triton X-100 for 30 min and then incubated with the primary antibodies that were diluted in the same blocking buffer overnight at room temperature. After rinsing in PBS, the sections were incubated with the appropriate secondary antibodies conjugated to fluorescein or rhodamine (Jackson ImmunoResearch and Vector Laboratories). Hoechst 33258 (10 g/ml; Sigma) was used as a nuclear marker. Images were captured using a Nikon fluorescent microscope or a Leica SP2 confocal microscope.
BrdU Incorporation and TUNEL Assays-The proliferation assay was performed as previously described (23) . Briefly, the OPCs were purified and plated into PLL-coated 24-well culture dishes (Costar). The media were changed to control CDM or Slit2 CDM after 24 h of culture, at which point BrdU (10 M, Sigma) was added. After culturing for 16 h, the preparations were fixed in 4% PFA at 4°C. The PFA was removed 20 min later, and the cells were washed three times with PBS. The preparations were then treated with 2 N HCl for 15 min, 0.1 M sodium borate, pH 8.5, for 15 min, and 0.2% Triton X-100 for 10 min at room temperature. The preparations were washed three times with PBS after each step. The preparations were then successively subjected to an immunocytochemical protocol. The cell nuclei were labeled with Hoechst 33342. The percentage of BrdU-labeled cells versus Hoechst-labeled cells was calculated. A TUNEL assay was carried out using the in situ cell death detection kit (Roche Applied Science) according to the manufacturer's instructions. In brief, the specimens were fixed in 4% PFA and then processed for antigen retrieval with 0.1 M sodium citrate solution at 90°C. The specimens were subsequently incubated with the TUNEL reaction solution mixture containing terminal deoxynucleotidyltransferase in a humidified 37°C chamber for 1 h.
RT-PCR-Total RNA was isolated from dissected rat brains or cultures using TRIzol reagent (Invitrogen). The cDNA synthesis was performed using the thermoscript RT-PCR system (Invitrogen). The following oligonucleotide primers were used: for rat Robo1, the forward primer was 5Ј-GAATACAGCAT-GTCTGTAGA-3Ј and the reverse primer was 5Ј-TGTAGC-CGTAA-GTATGTGGT-3Ј; for rat Robo2, the forward primer was 5Ј-CAACACTCTGGTAACGTGGA-3Ј and the reverse primer was 5Ј-ATCTCAGCCTTCCGAGGACC-3Ј; for rat Robo3, the forward primer was 5Ј-CACCATACGTGGAGGA-AAGC-3Ј and the reverse primer was 5Ј-GGGCTGGGGATC-TCCCTGCA-3Ј; and for rat GAPDH, the forward primer was 5Ј-GCATGGCCTTCCGTGTTCCTA-3Ј and the reverse primer was 5Ј-AGTGTTGGGGGCTGAGTTGG-3Ј.
Western Blot-The oligodendrocytes were rinsed briefly with ice-cold PBS and lysed for 5 min in SDS gel sample buffer. The cell lysates were denatured by boiling for 5 min and then centrifuged for 10 min at 12,000 ϫ g and 4°C. The proteins were separated on an SDS-PAGE gel and then transferred onto nitrocellulose membranes. The membranes were then blocked with 5% nonfat milk in 1ϫ TBST (20 mM Tris, 150 mM NaCl, 1% Tween 20, pH 7.6) and incubated with primary antibodies overnight at 4°C. To control for differences in protein loading, the membranes were also incubated with an anti-GAPDH antibody. After incubating with horseradish peroxidase (HRP)-conjugated secondary antibodies (Kangchen, Shanghai, China), the immunoreactive bands were visualized by chemiluminescence reagents (ECL, Pierce).
RhoA Activity Assay-The level of active RhoA was determined with the GST-Rhotekin-binding domain as previously described (24) . OPCs were plated into the dishes, and Slit2 protein or the control protein was added into the dishes at different times. The cells were washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris, pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, and a protease inhibitor mixture). The cell lysates were clarified by centrifugation at 12,000 ϫ g at 4°C for 10 min, and equal volumes of lysates were incubated with the GST-Rhotekin-binding domain (20 g) bound to beads at 4°C for 60 min. The beads were then washed four times in buffer B (Tris buffer containing 50 mM Tris, pH 7.2, 1% Triton X-100, 150 mM NaCl, and a protease inhibitor mixture) at 4°C. The bound RhoA proteins were detected by Western blotting using an antibody against RhoA. The amount of GTP-bound RhoA was normalized to the total amount of RhoA in cell lysates as previously described (24), and the results of three independent experiments were statistically analyzed.
Immunoprecipitation and Immunoblotting-The tissue homogenates and cell lysates were prepared as described previously (22) and clarified by centrifugation at 12,000 ϫ g and 4°C for 10 min. An equal volume (200 -500 l) of supernatant was incubated with 2-5 g of the corresponding antibodies for 3 h at 4°C. Protein G-agarose beads (Roche Applied Science) were then added for an overnight rotation at 4°C. The immunoprecipitated samples were then washed three times with lysis buffer, heated in SDS sample buffer in a 50°C water bath for 20 min, and subjected to SDS-PAGE, immunoblotting, and visualization with enhanced chemiluminescence. The following antibodies were used: monoclonal mouse anti-GFP (mGFP, 1:1,000, Roche), monoclonal mouse anti-HA (mHA, 1:2,000, Abmart), rabbit anti-HA (rHA, 1:3,000, Abcam), and HRP-conjugated secondary antibody (1:10,000, Kangchen).
Statistical Analysis-All data are presented as the mean Ϯ S.E. from at least three independent experiments. The statistical comparisons were made using analysis of variance or Student's t test. Any differences were considered significant at p Ͻ 0.05.
RESULTS

Robo1 Is Expressed in OPCs both in Vitro and in Vivo-
To investigate the role of Slits in OPC development, we detected whether the Slit receptors, Robo1, -2, and -3, were expressed in cultured OPCs. The purity of the OPCs was first determined to be over 90% by NG2 or olig2 staining (Fig. 1A) . We then examined the mRNA levels of Robo1, -2, and -3 in cultured OPCs by RT-PCR. Cultured neurons, astrocytes, and microglia were also examined. We found that both Robo1 and -2 were present in the OPCs, whereas Robo3 was undetectable (Fig. 1B) . A Western blot analysis revealed the expected protein expression of Robo1 and -2 (Fig. 1C) . Furthermore, Robo1 and Robo2 could also be detected by immunocytochemistry in cultured OPCs (Fig. 1D) .
FIGURE 1. The expression of Robo receptors in OPCs in vitro.
A, the purified OPCs were identified using NG2 or olig2 as a marker. B, the representative RT-PCR results show the mRNA expression of Robo1, -2, and -3 in primary cultures of dissociated cortical neurons, astrocytes, microglia, and OPCs. GAPDH was used as the internal control. C, the protein expression of Robo1 and -2 in primary cultures of dissociated cortical neurons, astrocytes, microglia, and OPCs were analyzed by Western blot. GAPDH was used as the internal control. D, the expression of Robo1 in primary cultures of dissociated cortical neurons, astrocytes, microglia, and OPCs was determined by immunocytochemical staining using specific markers. The bottom panel shows immunostaining of Robo2 in primary cultured OPCs.
Robo1 Interacts with Fyn to Repel Procursor Cells via RhoA
We next examined the expression patterns of the Robos in developing oligodendrocytes. OPCs were cultured and allowed to differentiate for 1, 3, or 5 days. We found that both Robo1 and -2 were present at all time points during differentiation ( Fig. 2A) . To quantify the levels of Robo1 and -2 mRNA at these points, we performed semiquantitative RT-PCR and found that Robo1 mRNA is slightly down-regulated when the OPCs are differentiated for 5 days (Fig. 2, B and C) . Using MBP as a marker of oligodendrocyte maturation revealed that the protein level of Robo1 decreased with the maturation of oligodendrocytes (Fig. 2, D and E) .
The in vivo expression of Robo1 was further confirmed by immunohistochemical staining. First, the antibody against PDGFR␣ was used to identify OPCs. As shown in Fig. 3A , we observed that OPCs were widespread at E16 and the Robo1 receptor was highly co-expressed with the OPCs. This coexpression persisted in the rat spinal cord until adulthood (Fig. 3 , B and C). These results suggested that the Slit receptor Robo1 was expressed in OPCs both in vitro and in vivo.
Slit2 Repels Cultured OPCs-To investigate the potential roles of Slit2 in OPC migration, OPC motility was investigated using Boyden chamber migration assays. Purified OPCs were FIGURE 2. The developmental expression of Robo receptors in cultured OPCs. A, primary cultured OPCs were differentiated for 1, 3, and 5 days and analyzed for Robo1 and -2 expression by immunocytochemical staining. The distribution of Robo1 and -2 and NG2, O4, or MBP is shown by immunofluorescence. B, the representative RT-PCR results show the mRNA expression levels of Robo1 and -2 in oligodendrocytes during different developmental stages. GAPDH was used as the control. C, the quantification of B is presented as -fold of control. Densitometry was used to determine the mRNA levels of Robo1 and -2 in oligodendrocytes during the different developmental stages, and the quantification is presented as -fold of control. *, p Ͻ 0.05. D, the protein expression level of Robo1 in oligodendrocytes at different developmental stages was analyzed with a Western blot. GAPDH was used as control. MBP was used as a marker of oligodendrocyte maturation. E, the quantification of D is presented as -fold of control. Densitometry was used to determine the level of Robo1 protein in oligodendrocytes at different developmental stages. **, p Ͻ 0.01. seeded into the upper chamber and allowed to migrate through the filter in response to various concentrations of conditioned media from control HEK293 cells (HEK293 CDM) or HEK293 cells that stably expressed Slit2 (Slit2 CDM) for 16 h. To distinguish the effect of Slit2 CDM from that of HEK293 CDM on OPC migration, we first demonstrated that the OPCs cultured in NB ϩ B27 media with or without different concentrations of HEK293 CDM have similar motility and that no significant changes were found in the HEK293 CDM groups (Fig. 4, A and  B) . We next detected the effect of Slit2 on OPC migration. The addition of Slit2 CDM to the lower chamber clearly reduced the number of OPCs that migrated through the filter compared with the control group (Fig. 4, A and C) . As shown in Fig. 4C , quantitative analysis revealed that OPC migration through transwell filters was significantly reduced in the groups treated with higher concentrations of Slit2 protein. Interestingly, the addition of Slit2 CDM to the upper chamber along with OPCs caused a significant increase in the number of cells migrating to the lower chamber (Fig. 4D) . These data suggested that Slit2 acted as a chemorepellent molecule to disperse OPC migration in a concentration-dependent manner. We then confirmed the chemorepellent effect of Slit2 CDM on the OPCs using Slit2 that was purified using Sepharose affinity matrix immobilized with an anti-Myc antibody. The purified Slit2 repelled OPC migration in a dose-dependent manner, with minimal inhibition obtained at 200 ng/ml of Slit2 (Fig. 4E) . To further examine whether the migration property of OPCs was affected by the coating of filter membrane, we performed Boyden chamber migration assays with laminin-coated transwell filter membranes. As shown in Fig. 4F , we found that the repulsive effect of Slit2 on OPCs was not influenced by the laminin coating, as there was no significant difference between the PLL-coated and laminin-coated groups.
Slit2 Does Not Affect Proliferation and Apoptosis of OPCs in Vitro-To evaluate the role of Slit2 in OPC proliferation, we performed a BrdU assay. The OPCs were purified, seeded into PLL-coated dishes, and cultured with BrdU and different concentrations of Slit2 for 16 h. The proliferating cells were labeled with an anti-BrdU antibody and the cell nuclei were labeled with Hoechst. As shown in Fig. 5 , A and C, no difference in the 
ratio of BrdU positive cells was found between the Slit2 groups and the control group. These data indicated that Slit2 does not influence the proliferation of OPCs in the migration assay. We also performed TUNEL staining to determine the role of apoptosis in the migration assay. As shown in Fig. 5 , B and D, there was no difference in the ratio of TUNEL-positive cells in the Slit2-treated groups and the control group. These results suggested that Slit2 repelled the OPCs without affecting their proliferation and apoptosis.
RoboN Attenuates Effect of Slit2 on OPC Migration-Robo
receptors are single transmembrane domain proteins that can bind with Slit2 (7). RoboN, the fragment that contains only the extracellular domain of Robo1, lacks the transmembrane and intracellular domains but retains the capacity to bind with Slit2. Thus, RoboN can be used to competitively inhibit Slit/Robo signaling (12, 25) . RoboN was added into the media with Slit2 in the Boyden chamber assay. The addition of RoboN-containing media significantly attenuated the inhibitory effect of Slit2 on . The group incubated without CDM was used as a control. **, p Ͻ 0.01 versus control. D, increased migration to the bottom chamber was observed when Slit2 CDM (40%) was added to the top compartment. HEK293 CDM (40%) was used as a control. *, p Ͻ 0.05 versus control. E, the dose dependence of the OPC chemorepellent effect of purified Slit2 is shown. The group incubated without Slit2 protein was used as a control. *, p Ͻ 0.05 and **, p Ͻ 0.01 versus control. F, different concentrations of Slit2 CDM were added to the bottom compartment of transwells coated with laminin or PLL. The groups receiving NB ϩ B27 were used as controls. The number of cells migrating under different conditions was quantified. **, p Ͻ 0.01 versus control.
OPCs (Fig. 6, A and B) , indicating that RoboN may act as a dominant-negative binding partner for Slit2 and inhibit Slit2 signaling.
RhoA Is Involved in Slit2-mediated Regulation of OPC Migration-The PI3K/Akt and RhoA pathways have been reported to be involved in mediating cell migration (17, 27) . To investigate the downstream mechanism of Slit-Robo signaling, OPCs were treated with pharmacological inhibitors to determine the effect of these inhibitors on Slit2-induced dispersal. As shown in Fig. 7A , pretreating OPCs with a Rho kinase-specific inhibitor (Y-27632, 10 M) (28) greatly attenuated the chemorepellent effect of Slit2 on OPCs. In addition, we observed a slight decline in Slit2-repelled OPC migration after the OPCs were pretreated with LY294002 (10 M) and PD98059 (20 M). Neither LY294002 (a specific antagonist of the PI3K/Akt pathway) nor PD98059 (a selective MAPK/Erk inhibitor) significantly rescued the repellent effect of Slit2 on OPCs when compared with that of Slit2 alone. As shown in Fig.   7B , dose-response analyses indicated that different concentrations of Y27632 diminished the repellent effect of Slit2 on OPC migration, whereas application of the RhoA inhibitor (Y27632) alone had no effect on OPC migration (Fig. 7B) . We next tested whether RhoA was activated in the intracellular Slit2 signaling pathway in the OPCs using a GST-fused Rho-binding domain of rhotekin to precipitate GTP-bound RhoA from the cell lysates. As shown in Fig. 7 , C and D, the level of active RhoA increased significantly when the OPCs were stimulated with Slit2. This effect was significant 30 -60 min after treatment. Taken together, these results suggested that RhoA may be involved in mediating the repellent effect of Slit2 on OPCs.
Slit2 Down-regulates Fyn Activation in OPCs-It has been reported that Fyn kinase can regulate the activity of the RhoA GTPase (29) . Thus, we investigated whether Fyn was involved in Slit2-induced RhoA activity. Rat Fyn kinase is phosphorylated at two tyrosine residues, Tyr 420 (autophosphorylation site) and Tyr 531 (negative regulatory site). The autophosphory- , which resides within the kinase activation loop, leads to the activation of Fyn, whereas the phosphorylation of C-terminal Tyr 531 inhibits Fyn kinase activity (30, 31) . Thus, we investigated the effects of Slit2 stimulation on Fyn activity in OPCs by detecting Fyn phosphorylation status. The phosphorylation of Fyn Tyr 531 increased significantly after Slit2 treatment (Fig. 8, A and B) , whereas the phosphorylation of Tyr 420 decreased significantly (Fig. 8, A and C) . This result indicates Fyn inactivation. Overall, our data provide evidence that Slit2 down-regulated the activation of Fyn in OPCs. Then the OPCs were plated for Boyden chamber assays and purified Slit2 (400 ng/ml) was added to the bottom compartment. The cells that migrated through the transwell membranes were quantified. The group incubated with NB ϩ B27 medium was used as a control. The dotted line indicates the control level. **, p Ͻ 0.01 versus control. B, a dose-response analysis revealed the minimal concentration of Y-27632 attenuating the Slit2 (400 ng/ml)-dependent chemorepulsion of the OPCs was 10 M. The group incubated with NB ϩ B27 medium was used as a control. The dotted line indicates the control level. *, p Ͻ 0.05 and **, p Ͻ 0.01 versus control. C, the OPCs were cultured and stimulated with (400 ng/ml) Slit2, using untreated cells as the control. The OPCs were lysed at various time points after stimulation. The RhoA activation in the OPCs was determined by pulldown assays with the Rho-binding domain of rhotekin. D, the quantification of C is presented as -fold of control. The amount of GTP-bound RhoA was normalized to the amount of total RhoA. **, p Ͻ 0.01.
Robo1 Forms Complexes with Fyn-The
Robo1 receptor is a transmembrane receptor that mediates cellular responses to slits (7, 9) . The Slit2-mediated induction of Fyn phosphorylation in OPCs prompted us to test whether the Robo1 receptor forms a complex with this protein. The GFP-tagged intracellular domain (ICD) of Robo1 and/or HA-tagged full-length Fyn were transfected into HEK293T cells. When an anti-GFP antibody was used to immunoprecipitate the cell lysates from cells co-transfected with GFP-Robo1-ICD and HA-Fyn, HA-Fyn was detected in the precipitates (Fig. 9A) . Conversely, when the co-transfected cell lysates were subjected to immunoprecipitation with anti-HA, GFP-Robo1-ICD was also detected in the precipitates (Fig. 9B) . These data suggested that the specific association between GFP-Robo1-ICD and HA-Fyn existed in co-transfected HEK293T cells. To examine whether Robo1 and Fyn form a natural complex in OPCs, OPC lysates were immunoprecipitated with anti-Robo1 and immunoblotted with antiFyn. As shown in Fig. 9C , Fyn was detected in the anti-Robo1 precipitates but not the IgG precipitates. Thus, endogenous Robo1 and Fyn formed a co-precipitable protein complex in OPCs. We then examined whether Robo1 and Fyn were expressed in OPCs. An immunocytochemical analysis was carried out in OPCs. As shown in Fig. 9F , fluorescent imaging showed the expression of Robo1 (red) and Fyn (green) in the OPCs. The merged image revealed that Robo1 and Fyn were expressed in the same OPCs. To investigate whether Slit2 can regulate the endogenous interaction between Fyn and Robo1, conditioned medium containing the Slit2 protein was added to the OPC culture medium for 30 min before the cell lysates were prepared. Slit2 significantly reduced the binding of Fyn to Robo1 (Fig. 9, D and E) , suggesting that extracellular Slit2 regulates the endogenous association between Fyn and Robo1.
Slit2 Repels OPCs from SVZ-The postnatal SVZ surrounding the lateral ventricles contains OPCs, which are recognized as a source of forebrain oligodendrocytes in neonates (32) . Therefore, we assessed whether the OPCs in SVZ tissue explants in culture respond to the Slit2 gradient. As shown in Fig. 10A , the SVZ tissue explants dissected from P5-P10 rats were plated in the proximity of aggregates of wild-type or Slit2-expressing HEK293T cells in Matrigel for 72 h. After the OPCs were identified by immunostaining with an anti-NG2 antibody, the maximum migration distances and number of migrated cells were examined. As shown in Fig. 10 , B and C, the distribution of migrated cells in the explant co-cultures were mostly symmetrical (with 11 symmetric explants of 12 explants). However, most of the explant co-cultured with aggregates of HEK293T cells expressing Slit2 were asymmetrical (with 13 asymmetric explants of 16 explants). The number of migrated OPCs in the quadrant proximal to the Slit2 cells was significantly lower than that in the distal quadrant. Additionally, the mean maximum migration distance of the OPCs close to Slit2 was significantly shortened. Moreover, the Slit2-induced asymmetric migration was prevented when the media contained Y27632 (with 8 symmetric explants of 10 explants) and RoboN (with 10 symmetric explants of 12 explants). These results indicated that Slit2 acted as a chemorepellent to expel the OPCs from the SVZ.
DISCUSSION
Newborn OPCs migrate away from the ventral midline immediately after being generated and disperse throughout the developing CNS before birth (2, 6) . OPC migration requires the timely expression of proteins that contribute to cell motility, neuron-glial adhesion, and cytoskeletal regulation (33, 34) . Several cues, such as netrin1 and semaphorin 3A (which are secreted by floor plate cells at an early developmental stage), have been reported to disperse OPCs and facilitate their migration to target regions (18, 19, 35, 36) . Slits are also secreted by the floor plate and have been reported to be involved in the motility of various cells. In our study, we found that Slit2 inhibited OPC migration during the transwell and explant tissue assays. Interestingly, OPC migration was inhibited when Slit2 was added into the bottom chamber in the Boyden chamber migration assay. Conversely, OPC migration was promoted when Slit2 was added to the upper chamber. Thus, Slit2-repelled OPC movement may be asymmetrical, with the cells moving toward the low concentration of Slit2. Similar repulsive effects of the Slit2 gradient were confirmed in explanted SVZ tissues (Fig. 10) . One possible interpretation of these results may be that OPCs preferentially migrate down a gradient of Slit2. It has been reported that Slit2 shows a typical gradient distribution, with the highest expression in the ventral midline of the CNS and a gradient running across to the dorsal side (14) . In the present study, we found that Robo1 receptors were highly expressed in the migrating OPCs in vivo (Fig. 3) . With consideration of the high level of temporal and spatial consistency between the distribution pattern of Slit2-Robo1 and OPC spreading routes, we hypothesized that Slit2 may act as a repellent molecule to disperse OPCs and direct them away from their ventral origins.
The proteins in the Rho family of small GTPases have been reported as central players in the regulation of actin cytoskeleton assembly, adhesion formation, neurite outgrowth, axon guidance, and cell migration, during which RhoA signals the formation and maturation of focal adhesions associated with actin stress fiber bundles (37) (38) (39) . The formation of membrane protrusions is an early step in the process of cell migration. When the ratio of activity of these small GTPases is no longer optimal for the protrusion and polarization of the cell, migration will be influenced (40) . Constitutively active RhoA may impede cell motility (20, 41, 42) . One of the downstream effectors of RhoA is Rho kinase, which can be effectively inhibited by the compound Y-27632 (28, 43) . Inhibiting Rho kinase stimulates membrane protrusion and promotes cell migration (40, 44, 45) . Here, we observed that the chemorepellent effect of Slit2 on OPC migration was significantly attenuated when the cells were pretreated with Y-27632. We found that active RhoA significantly increased in the OPCs treated with Slit2, which suggested that the binding of Slit2 to Robos led to the activation of RhoA in the OPCs. There are controversial reports regarding the effects that Slit2 has on RhoA activity. One study showed evidence that Slit2 increased RhoA activity in Robo1-expressing HEK293 cells but did not affect RhoA activity in SVZ cells (46) . However, another study demonstrated that Slit2 downregulated RhoA activity in granule cells in a Ca 2ϩ -dependent manner (17) . In our study, we found that Slit2 up-regulated RhoA activity in OPCs. This effect was observed at least 30 min after Slit2 stimulation. Our data are similar to the recent report by Kennedy et al. (47) , who found that RhoA activity was upregulated early in OPC development and then later decreased in oligodendrocytes. The inhibition of RhoA activity disrupted netrin1-dependent OPC chemorepulsion. Thus, it is likely that the difference in cell type may account for these conflicting reports about the distinct effects of Slit2 on RhoA activity.
Although the regulatory role of Slit2 on the activity of RhoA has been widely reported (17, 46, 48) , the mechanism by which Slit2 alters RhoA activity remains elusive. Prasad et al. (27) found that Slit2 can block the CXCL12-induced activation of Src and Lck kinases and inhibit the CXCL12-induced chemotaxis and transendothelial migration of T cells. Wong et al. (26) reported that PP2 treatment blocked the Slit2-induced growth cone collapse of the chick retinal ganglion cell, suggesting that activation of the Src family kinases is required for Slit2-induced growth cone collapse. It seems that the Src family kinases may be involved in the Slit2-induced signaling pathway. Thus, the roles of Src family members in the development of OPCs need to be further studied. Five members of the Src kinase family are expressed in the mammalian CNS, including Src, Fyn, Yes, Lck, and Lyn (30) . Among them, Fyn, Lyn, and Yes are expressed in OPCs. However, only Fyn is both expressed and activated in OPCs (49, 50) . Fyn has been reported to regulate the differentiation of oligodendrocytes (29, 49) . Additionally, Fyn also plays roles in many cellular processes, including cell adhesion and migration (51) . In the present study, we found Slit2 treatment significantly increased the phosphorylation of Fyn at the regulatory C-terminal tail residue Tyr 531 and decreased the autophosphorylation of Tyr 420 , which resides within the kinase activation loop. These data indicate that Slit2 stimulation may inactivate Fyn in OPCs. Interestingly, this effect was significant 30 min after Slit2 treatment, which was consistent with the time course of RhoA activation. The activity of the RhoA GTPase can be regulated by Fyn kinase. It has been reported that Fyn phosphorylates and activates p190 RhoGAP, which in turn inactivates RhoA in oligodendrocytes (29, 52, 53) . In our study, the time course of Fyn inactivation correlated with that of RhoA activation. In combination with the finding that Fyn forms complexes with Robo1, these results support the hypothesis that Slit2 may deactivate Fyn and then activate RhoA through Robo1 signaling in OPCs.
In this study, we have found that Slit2 can regulate the activity of Fyn through the induction of protein phosphorylation. However, Liu et al. (54) claimed that no substantial effect on Fyn (tyrosine) phosphorylation was detected after treating cortical neurons with Slit-conditioned medium. This inconsistency may be due to the different detection systems used. Additionally, we determined that the association between Robo1 and Fyn in primary OPCs was reduced by Slit2 treatment. One possibility may be that Slit2 treatment attenuated the binding of Fyn to Robo1 receptor complexes and deactivated Fyn in OPCs.
It would be interesting to further explore the detailed mechanisms of Fyn involved in the signaling pathway that modulates the developmental processes of OPCs.
A previous study showed that Slit can increase the interaction between Robo1 and slit-robo Rho GTPase activating protein 1 (srGAP1) and regulate the activities of several Rho GTPases (46) . In this study, we found that Slit2 can attenuate the endogenous association between Fyn and Robo1 in primary OPCs. Our results indicate that Robo1 may play a role in regulating cell migration by interacting with various downstream signaling molecules. Several other molecular regulators of OPC migration have been proposed, including netrin1, semaphorins, and ephrin (35, 55, 56) . Slit1, -2, and -3 and Netrin1 are coexpressed both in the floor plate and in a number of locations throughout the nervous system (57). It seems likely that the guidance of oligodendrocyte precursors to their appropriate domains will involve multiple guidance cues. Brose et al. (10) reported that Slit2 interacts with Netrin1. Additionally, Robo1 was found to bind to the Netrin1 receptor Deleted in Colorectal Cancer and silence netrin1 attraction in the presence of Slit (58) . Deleted in Colorectal Cancer was reported to form a complex with Fyn and regulate the activity of RhoA in oligodendrocytes (59). In our study, the Slit2 signaling pathway involved in regulating OPC migration includes Fyn and RhoA and is similar to that of netrin1. Robo1 was also found to associate with Fyn. This evidence suggests that an extrinsic change in interaction may reflect an intrinsic cross-talk in these signaling pathways. We propose that Robo1, DCC, and Fyn may form complexes and that the molecules in these complexes may be induced by both Slit2 and netrin1.
In conclusion, it was confirmed that Fyn associates with Robo1 and regulates the Slit2-induced activation of RhoA. These results may shed new light on Slit-Robo signaling in cell migration.
